
















































































































































































Figure	 2.1.1	 Sites:	 West	 Australia,	 Huon	 Peninsula,	 Oahu,	 Tahiti,	 Cayucos,	
Oregon,	California,	Florida	Keys,	Grand	Cayman,	Bermuda,	Barbados,	Red	
Sea.	 	
Figure	 2.1.2	Detailed	 site	maps:	 a	 to	 j:	west	Australia,	Huon	Peninsula,	 Oahu,	
Tahiti,	Cayucos,	Oregon,	California,	Florida	Keys,	Grand	Cayman,	Bermuda,	
Barbados,	Red	Sea	 	
Figure	 2.2.1.1	 Color	 shaded‐relief	 image	 of	 Earth	 from	 ETOPO1	 Ice	 Surface	
(National	Geophysical	Data	Center	(NGDC))	 	
Figure	 2.2.2.1	 Global	 Self‐consistent	 Hierarchical	 High‐resolution	 Shorelines	
(full	resolution)	map	 	
Figure	 3.5.1	 Global	 histogram	 and	 hypsographic	 curve	 of	 Earth's	 surface	
(Ref.22)	 	
Figure	4.1.1	Sea	level	data	for	the	past	120,000	years	 	


















































Global	 climate	 is	 linked	 inevitably	 to	sea	 level.	Whenever	global	 temperatures	 fall,	
water	 shifts	 from	 oceans	 to	 ice	 sheets	where	 it	 remains	 for	 long	 periods	 of	 time.	
When	global	temperatures	rise,	water	is	released	back	into	the	oceans.	Thus,	climate	




the	 current	 coastal	 plain	 (Dobson	 2014).	 This	 name	 emphasizes	 its	 unique	
character:	for	thousands	of	years	it	is	covered	by	water	(aqua)	without	interruption	
and	 for	 thousands	of	years	 it	 is	exposed	as	 land	(terra).	The	most	direct	 influence	
caused	 by	 sea	 level	 change	 is	 on	 coastal	 landforms	 and	 their	 human	 occupants.	
Human	 population	 distribution	 is	 not	 uniform	 on	 the	 Earth’s	 landmasses	 (Small	
1999).	 Analyses	 of	 sample	 study	 areas	 (Tokyo,	 New	 York,	 Bombay,	 Shanghai,	 Los	
Angeles,	Calcutta,	Buenos	Aires,	Seoul,	Lagos,	Osaka,	and	Rio	de	Janeiro)	today	show	
that	most	of	the	world’s	population	is	dispersed	at	low	elevations	close	to	coastlines	
rather	 than	 in	 large	 centralized	 cities,	 despite	 their	 high	 densities	 (Cohen	 1998).	









From	 the	human	perspective,	when	 there	 are	more	 choices	 for	people	 to	 live	 and	
multiply,	 the	 capacity	 for	 development	 is	 higher.	 Geographical	 factors	 such	 as	
climate,	water	supply,	and	economics	influence	human	development	and	settlement.	
The	Earth’s	climate	and	global	sea	levels	are	closely	linked	to	each	other	and,	in	turn,	





for	 human	 occupation.	 The	 2007	 (Intergovernmental	 Panel	 on	 Climate	 Change	
(IPCC))	 report	 about	 the	human	 impact	 of	 projected	 sea	 level	 rise	 found	 that	634	
million	people	presently	 live	 in	 coastal	 areas	vertically	within	30	 feet	of	 sea	 level,	
and	two	thirds	of	 the	world’s	cities	are	 located	 in	 these	 low‐lying	coastal	areas.	 In	
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the	 past	 20,000	 years,	 much	 human	 progress	 and	 many	 cultural	 innovations	
occurred	while	seacoasts	were	quite	lower	than	today.		
Little	is	known	about	physical	and	human	processes	during	the	Late	Pleistocene	and	
Holocene	 ages.	 This	 time	 period	 is	 the	 same	 span	 during	 which	 modern	 human	
beings	are	known	to	have	existed,	and	some	studies	have	focused	on	the	effects	of	
glacial	cycles	on	human	development	(Calvin	1990,	Stringer	and	Gamble	1993).	Now	
there	 is	 a	 crucial	 need	 for	 better	 understanding	 of	 climate	 change	 and	 risks	
associated	with	 sea	 level	 rise	 in	 the	 coastal	 areas	of	 today	and	 the	earlier	ones	of	
aquaterra.	 Mapping	 the	 relatively	 precise	 sequence	 of	 sea	 level	 rise	 and	 its	
associated	effects	on	the	detailed	distribution	of	terrestrial	lands	can	help	scholars	
understand	how	the	world	responded	to	different	sea	level	rises	and	falls.	I	plan	to	





Understanding	 sea	 level	 changes	on	 land	areas	 in	different	 regions	 can	give	us	 an	
informed	conception	about	how	human	populations	developed.	Sea	 level	rises	and	
falls	 caused	 the	 land	 area	 to	 be	 changing	 at	 least	 to	 some	 extent	 all	 of	 the	 time.	
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During	 the	 Last	 Glacial	 Maximum,	 ice	 sheets	 covered	 large	 areas	 in	 northern	
latitudes	and	global	temperatures	were	significantly	lower	than	today.		
Paleo‐records	document	significant	changes	 in	relative	sea	 level	 (RSL).	 In	order	 to	
understand	 the	 primary	 cause	 of	 this	 natural	 variability	 in	 sea	 level,	 we	 need	 to	
know	 what	 happened	 during	 the	 last	 deglaciation.	 Sea	 level	 at	 any	 location	 is	 a	
function	of	both	the	absolute	elevation	of	the	sea	surface	and	vertical	movements	of	
the	 land,	 the	balance	producing	a	relative	sea	 level.	Uplift	or	subsidence	of	Earth's	
surface,	vertical	and	horizontal	motions	of	 crust,	 and	sediment	compaction	all	 can	
lead	to	local	sea	level	change.		




Northern	 Hemisphere	 Ice	 Sheets	 that	 have	 dominated	 the	 last	 2.5	 Ma	 (“the	 Ice	
Ages”).	 Marine	 isotopic	 stages	 (MIS),	 sometimes	 referred	 to	 as	 Oxygen	 Isotope	
Stages	(OIS),	are	the	discovered	traces	of	a	chronological	record	of	alternating	cold	
and	 warm	 periods,	 going	 back	 at	 least	 2.6	 million	 years.	 	 With	 increased	




the	 first	 fully	modern	humans	appeared	at	 the	beginning	of	 the	Upper	Pleistocene	
(Table	1.2.1).	
Table 1.2.1 MIS stages and events	
MIS	Stage	 Start	Date	 Cooler	or	Warmer	 Cultural	Events	
MIS	1	 11,600	 Warmer	 The	Holocene	
MIS	2	 24,000	 Cooler	 Last	 glacial	 maximum,	 Americas	
populated	
MIS	3	 60,000	 Warmer	 Upper	 Paleolithic	 begins;	 Australia	
populated,	 upper	 Paleolithic	 walls	
painted,	Neanderthals	disappear	
MIS	4	 74,000	 Cooler	 Mt.	Toba	super‐eruption	
MIS	5	 130,000	 Warmer	 Early	 modern	 humans	 (EMH)	 leave	
Africa	to	colonize	the	world	
MIS	5a	 85,000	 Warmer	 Howienson’s	 Poort/Still	 Bay	
complexes	in	southern	Africa	
MIS	5b	 93,000	 Cooler	 	
MIS	5c	 106,000	 Warmer	 EMH	at	Skuhl	and	Qazfeh	in	Israel	
MIS	5d	 115,000	 Cooler	 	













melted,	 until	 about	 6,000	 years	 ago	 when	 the	 rates	 started	 to	 level	 off.	 Around	
19,000	 years	 ago,	 the	 ice	 sheets	 of	North	America	 and	 northern	Europe	 began	 to	
melt.	 The	meltwater	 from	 the	 ice	 sheets	 flowed	 into	 the	 oceans,	 raising	 sea	 level	
once	again,	and	the	land	that	had	been	beneath	the	ice	began	to	rebound	upwards,	a	
process	 known	as	 ‘postglacial	 rebound‘	 that	 is	 a	 local	 scale	 isostatic	movement	 in	

































































































































From	 reviewed	 literatures,	 there	 are	 two	 models	 of	 early	 modern	 human	









occurred	 around	 125,000	 years	 ago	 according	 to	 Arabian	 archaeological	 finds	 of	
tools	in	the	region	when	sea	levels	were	higher	even	than	today.	They	reached	the	











Land	 changes	 in	 many	 ways	 over	 time,	 each	 parcel	 varying	 greatly	 in	 terms	 of	
elevation,	 climate,	 and	 other	 variables	 such	 as	 distance	 from	 the	 sea.	 I	 plan	 to	
classify	each	1	arc	second	cell	based	on	different	 latitudes	and	 longitudes.	Dobson	
(2014)	 measured	 aquaterra	 in	 three	 major	 latitudinal	 groups	 ─	 tropical	 (38	
percent),	mid‐latitude	(44	percent),	and	Arctic/Antarctic	zones	(18	percent).	 I	will	
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address	 the	 four	 main	 factors	 affecting	 local	 climate:	 latitude,	 topographic	 relief	
(altitudinal	 zonation,	 orographic	 uplift,	 and	 rain	 shadow	 effects),	 major	 wind	
patterns,	 and	 distance	 from	 the	 sea	 (continental	 vs.	 maritime).	 Human	 cultural	
development	 is	 closely	 tied	 to	 changes	 in	 the	 natural	 environment.	 Figure	 1.2	
presents	 the	 historical	 record	 (not	 adjusted	 for	 land	 area),	 typical	 of	 a	 "J‐shaped"	




The	 name	 ‘aquaterra’	 refers	 to	 the	 lands	 that	 were	 alternately	 exposed	 and	
inundated	as	ice	sheets	advanced	and	retreated	over	the	last	120,000	years	(Dobson	
2014).	 This	 period	 consists	 of	 two	 epochs,	 Late	 Pleistocene	 and	Holocene.	 First,	 I	
plan	to	provide	a	clear	view	of	how	eustatic	sea	level	varies	globally	through	time.	
Using	 best	 available	 sea	 level	 records	 according	 to	 Marine	 isotopic	 stages	 (MIS)	
stages,	 I	 will	 calculate	 the	 horizontal	 global	 sea	 level	 change	 curve	 through	 time.	
Using	geographic	information	system	(GIS)	software,	I	will	map	the	results	in	order	
to	 visualize	 the	 seacoast	 change	 and	 the	 areal	 extent	 of	 exposed	 portions	 of	
aquaterra	 at	 intervals	 of	 one	 thousand	 year.	 Based	 on	 the	 curve	 I	 will	 produce	 a	




in	 scientific	 literature,	 I	 will	 emphasize	 those	 extreme	 changes	 in	 the	 global	
distribution	of	aquaterra.	Also	I	will	use	trend	analysis	methods	to	see	if	there	is	a	
periodic	 pattern	 or	 linear	 changing	 trend	 for	 sea	 level	 change	 in	 the	 last	 120,000	
years.	In	order	to	understand	land	area	change,	hypsographic	change	caused	by	sea	
level	 change	 is	 needed.	 Hypsographic	 change	 deals	 with	 the	 measurement	 and	













Historical	 sea	 level	 depths	 data	 are	 collected	 from	numerous	 sites	 using	 different	
sea‐level	indicators	around	the	world	(Lambeck	and	Chappell	2001;	Yokotama	et	al	
2000;	Peltier	and	Fairbanks	2006;	Siddall,	M.,	 et	 al.	 2006).	Many	are	expressed	as	
glaciers	and	ice	sheets	volume	equivalent	sea	level	data	(Nakada	and	Lambeck	1988;	




searching	 for	 stable	 sites	 likely	 unaffected	 by	 uplifting	 and	 subsidence.	 Oxygen	
isotope	ratios	provide	a	potential	means	for	reconstructing	sea	level	change	over	the	
past	 100	Myr.	 Below	 is	 a	 table	 showing	 different	 published	 sea	 levels	 of	 the	 Last	












Nakada	and	Lambeck	1988	 130	 Isostatically	 corrected	data	 from	
intermediate‐	and	far‐field	
Fairbanks	1989,	Bard	et	al	1990 117	 Barbados,	dr.	Coral	
Tushingham	and	Peltier	1991	 115	 Isostatically	 corrected	 data	
mainly	 from	 near‐	 and	
intermediate‐field	






125	 Isostatically and tectonically 
corrected data from intermediate- 
and far-field	
	
: Foraminiferal  record obtained from deep-sea sediment core; sed: sediment 
core taken from sea floor; up.Coral: uplifted coral reefs; dr.Coral: drilled coral obtained 
from offshore; sub.Coral: coral obtained by submergible from sea floor.	
	
Global	mean	 sea	 level	 has	 been	measured	 as	mean	 distance	 of	 the	 ocean	 surface	
above	the	center	of	the	Earth.	Many	proxies	found	in	deep‐sea	sediments	including	
trace	metal	 and	 isotopic	 composition	 of	 fossil	 plankton,	 species	 composition,	 and	
lithology	can	be	interpreted	as	sea	level	indicators.	
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There	are	more	historical	 records	 for	 the	LGM	 interval.	Drilling	 into	 tropical	 coral	
reefs	 (Fairbanks	 1989;	 Peltier	 and	 Fairbanks	 2006;	 Lambeck	 and	 Chappell	 2001)	
often	 yields	 relatively	 continuous	 sea	 level	 records.	 Such	 records	 have	 provided	
high‐precision	dates	based	on	U‐Th	dating	that	are	not	subject	to	the	uncertainties	
of	reservoir	and	calendar	age	corrections.		
When	 conducting	 the	 RSL	 data	 from	 different	 sites	 during	 deglaciation,	 one	must	
consider	that	the	ocean	basins	are	growing	larger	since	the	end	of	the	last	cycle	of	
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Figure 2.1.2 Detailed  site maps:  a  to  j: west Australia, Huon Peninsula, Oahu, Tahiti, Cayucos, Oregon, 
California, Florida Keys, Grand Cayman, Bermuda, Barbados, Red Sea	
a.	The	western	passive	margin	of	Australia	is	thought	to	be	tectonically	stable	during	
the	 late	 Pleistocene,	 and	 thus	 fossil	 reefs	 there	 can	 provide	 decisive	 information	
about	 the	 timing	 of	 sea	 level	 change.	 This	 place	 is	 located	 far	 from	 the	 former	
penultimate	glacial	maximum	ice	sheets.	Thorium	and	its	isotopes	are	measured	for	






active	 junction	 of	 the	 Australian	 and	 Pacific	 plates.	 It	 is	 surrounded	 by	 emergent	




Bobongara	 and	 Aladdin’s	 Cave	 (Chappell,	 1974;	 Aharon	 et	 al.,	 1980;	 Aharon	 and	
Chappell,	1986;	Ota	and	Chappell,	1999)	(Ref.13,	19,	23,	80).	
c.	 Oahu	 is	 a	 part	 of	 the	 Hawaii‐Emperor	 volcanic	 seamount	 chain	 that	 stretches	







d.	 The	 island	 of	 Tahiti	 (French	 Polynesia)	 is	 a	 hot‐spot	 volcanic	 island	 that	 has	 a	
slow	subsidence	rate.		It	is	a	far‐field	site	located	far	from	large	ice	sheets	and	major	
isostatic	 rebound	 effects.	 Submerged	data	were	 collected	by	 the	 Integrated	Ocean	
Drilling	 Program	 (IODP)	 Expedition	 310	 and	 onshore	 of	 the	 Papeete	 barrier	 reef	
(Ref.	69).	
e.	The	lower	terrace	in	the	Cayucos	located	in	San	Luis	Obispo	County,	California	is	
geomorphically	 exposed.	 Boulders	 overlaid	 by	 fossiliferous	 sands	 and	 coquina	
compose	 into	 marine	 deposits	 on	 the	 platform.	 Two	 fossil	 localities	 (10731	 and	
11923)	were	selected	because	they	have	abundant	corals.	Uranium‐series	analyses	
of	corals	records	show	an	open‐system	history	(Ref.	52).		
On	 the	 Pacific	 Coast	 of	North	America,	 there	 are	 eight	 coral	 sampling	 localities	 in	
California	 and	 one	 in	 Oregon.	 They	 were	 selected	 to	 study	 precise	 timing	 and	
palaeoclimatic	 aspects	 of	 the	 high	 sea	 level	 events.	 All	 sites	 are	 marine	 terrace	














is	 located	 in	 the	 northwest	 part	 of	 the	 Caribbean	 Sea.	 Although	 these	 islands	 are	
located	in	a	tectonically	active	area	with	a	spreading	center	and	close	to	the	Oriente	
Transform	 fault,	 Grand	 Cayman	 is	 considered	 to	 be	 tectonically	 stable	 (Jones	 and	
Hunter	 1990).	 Nine	 offshore	 corals	 from	 George	 Town	 and	 two	 onshore	 corals	
located	on	the	western	part	of	the	island	were	collected	in	the	Ironshore	Formation	
on	Grand	Cayman	 (Ref.	 17).	 This	 formation,	 defined	by	Matley	 (1926),	 consists	 of	
poorly	 consolidated	 limestones	 that	 commonly	 contain	 reef	 faces,	 bivalves,	
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gastropods,	 and	 calcarenites.	 The	 offshore	 samples	 were	 analyzed	 by	 thermal	
ionization	mass	spectrometry	(TIMS).		
h.	 Bermuda	 is	 located	 on	 the	 Mid‐Atlantic	 Ridge	 (MAR),	 created	 by	 volcanic	
eruptions	123	to	124	million	years	ago.	About	1‐2	million	years	ago,	the	top	of	the	
volcanic	 seamount	 was	 eroded	 down	 below	 sea	 level	 and	 corals	 began	 to	 grow	
around	 the	 margins.	 Fossil	 Oculina	 corals,	 one	 type	 of	 eolianite	 unit	 called	 the	






overriding	 Caribbean	 Plate.	 Samples	 were	 collected	 from	 the	 Barbados	 Ⅱ terrace	
(Ventnor	 terrace),	 Barbados	 Ⅰ	 terrace	 (Worthing	 terrace),	 Holders	 Hill,	 Grazettes	
Quarry,	West	Indies	hill,	and	Rendezvous	Hill	terrace	at	Cave	hill	(Ref.	6,	19,	26,	30,	
56,	63,	70).	The	extended	coral‐based	RSL	curve	from	the	island	of	Barbados	in	the	
Caribbean	 Sea	 (Fairbanks,	 1989;	 Peltier	 and	 Fairbanks,	 2006)	 is	 especially	




























9	–	65ka	 Bermuda	 1.5	 77	–	83ka	



























Smith,	 1996)	 is	 a	 high‐resolution	 shoreline	 data	 set	 from	 the	World	Data	 Bank	 II	





lake	 and	 land	 (L2),	 boundary	between	 island‐in‐lake	 and	 lake	 (L3),	 and	boundary	
















Based	 on	 the	 physical	 data	 sets	 from	 these	 sites,	 I	 assume	 there	 is	 a	 spatial	 and	
temporal	 function	 f	 (x)	 that	passes	through	all	data	points	and	also	represents	the	
variable	of	interest	at	all	non‐data	points,	including	the	original	data	set.	In	order	to	
get	a	good	fit	or	a	best	fit	to	the	original	data,	I	need	to	apply	curve	fitting	to	create	a	
new	 function	 that	 does	 not	 have	 to	 pass	 through	 the	 original	 data	 set.	 There	 are	









the	 sea	 level	 data.	 The	 sea	 level	 data	 are	 non‐uniform	 and	 nonlinear	 distributed;	










mathematical	 fact	 that	 any	periodic	waveform	 can	be	 expressed	 as	 the	 sum	of	 an	
infinite	 set	 of	 sine	 waves.	 The	 sea	 level	 data	 are	 approximately	 periodic,	 which	
suggests	that	they	can	be	described	by	Fourier	series.	The	Fourier	series	model	is	a	
sum	 of	 sine	 and	 cosine	 functions	 that	 describes	 a	 periodic	 signal.	 This	 is	 the	
trigonometric	Fourier	series	form:	
∑ 	 	 	 																																																																						(3.1)	
where	 	(direct	current	term)	models	a	constant	term	in	the	data	and	is	associated	
with	 the	 =0	 cosine	 term,	 	is	 the	 fundamental	 frequency	 of	 the	 signal,	 	is	 the	
number	of	terms	in	the	series,	and	1 ≪ ≪ 8.	The	two	expressions	after	the	Σ	signs	
are	the	Fourier	coefficients	of	the	function	f	(t).	
To	 obtain	 the	 coefficient	 estimates	 of	 the	 fitting	 process,	 the	 least‐squares	 fitting	





                      residual=data−fit	
The	summed	square	of	residuals	is	given	by	
S	=	∑ 	∑ 	 	 	 	 	 	 	 				(3.3)	
where	 	is	the	number	of	data	points	included	in	the	fit	and	S	is	the	sum	of	squares	
error	estimate.		
Least‐squares	 fitting	 is	 sensitive	 to	 extreme	 values	 called	 outliers.	 There	 are	 two	
robust	 regression	methods:	 least	 absolute	 residuals	 (LAR),	 and	 bisquare	weights.	
The	 bisquare	 weights	 method	 minimizes	 a	 weighted	 sum	 of	 squares,	 where	 the	
weight	given	to	each	data	point	depends	on	how	far	the	point	is	from	the	fitted	line.	
Points	near	the	line	get	full	weight.	Points	farther	from	the	line	get	reduced	weight.	
For	 most	 cases,	 the	 bisquare	 weight	 method	 is	 preferred	 to	 LAR	 because	 it	
simultaneously	 seeks	 to	 find	 a	 curve	 that	 fits	 the	bulk	 of	 the	data	using	 the	usual	
least‐squares	approach,	and	it	minimizes	the	effect	of	outliers.	
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	 	are	 the	 usual	 least‐squares	 residuals	 and	 	are	 leverages	 that	 adjust	 the				
residuals	by	reducing	the	weight	of	high‐leverage	data	points,	which	have	a	large	
effect	on	the	least‐squares	fit.	The	standardized	adjusted	residuals	are	given	by	
						 																												 	 																	(3.5)	




					 1 , | | 1	0,			| | 1																																																																							(3.6)	
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4.	 If	 the	 fit	 converges,	 finish	 the	 fitting	 progress.	 Otherwise,	 perform	 the	 next	
iteration	of	the	fitting	procedure	by	returning	to	the	first	step.	
According	 to	 the	 values	 of	 the	 coefficients	 and	 the	 goodness‐of‐fit,	 the	 best	 fitting	





∑ 	 																					 	 																	(3.7)	
where	 	is	 the	 amplitude,	 	is	 the	 frequency,	 and	 	is	 the	 phase	 constant	 for	 each	
sine	 wave	 term.	 	is	 the	 number	 of	 terms	 in	 the	 series	 and	1 ≪ ≪ 8.	 The	
difference	from	Fourier	Series	is	that	the	sum	of	sines	equation	includes	the	phase	
constant,	and	does	not	include	a	constant	(intercept)	term.		
The	 number	 of	 terms	 is	 set	 to	 highest	 to	 improve	 the	 fit	 quality.	 Robust	 is	 set	 to	
bisquare.	 The	 Center	 and	 scale	 option	 can	 be	 used	 when	 there	 are	 dramatic	







functions.	 The	 smoothing	 spline	 s	 is	 constructed	 for	 the	 specified	 smoothing	
parameter	 	and	the	specified	weights	 .	The	smoothing	spline	minimized	
∑ 1 														 	 	 				(3.8)	
if	the	weights	are	not	specified,	they	are	assumed	to	be	1	for	all	data	points.	When	 	
=	0,	 a	 least‐square	straight‐line	 is	produced	 to	 fit	 the	data,	while	 	=	1	produces	a	
cubic	spline	interpolant.	In	this	case,	the	smoothing	parameter	p	is	set	to	0.995.	Also,	
since	 	 sea	 level	 data	 collected	 from	 different	 sites	 typically	 have	 different	 time	
scales,	it	is	better	to	normalize	the	inputs	(predictor	data)	when	there	are	dramatic	















Mann‐Kendall	 (MK)	 test	 is	 used	 in	 trend‐detection	 studies	 of	 hydrological	 time	








trend	 or	 has	 different	 trends	 in	 different	 time	 periods.	 Here	 is	 how	 the	 MK	 test	
works	(Gilbert	1987):	










	∑ ∑ 															 	 	 	 	 	(3.13)	
if	S	is	a	positive	number,	observations	collected	later	in	time	tend	to	be	larger	than	
earlier	ones,	and	vice	versa.	The	Kendall	τ	coefficient	is	defined	as:	

































a	 regular	 trend	 within	 a	 period	 of	 time.	 Since	 sea	 level	 would	 be	 affected	 by	 ice	
volume	 change	 driven	 by	 climate	 change,	 the	 sea	 level	 change	 may	 have	 similar	





an	 autoregressive	 model,	 moving	 average	 model	 (Hamed	 and	 Rao,	 1998),	 or	
combined	model.		
The	 common	 pre‐whitening	 procedure	 will	 lead	 to	 potentially	 inaccurate	
assessments	 of	 the	 significance	of	 a	 trend	when	 testing	on	 serial	 correlation	data.	
Yue	 et	 al.	 (2002)	 proposed	 a	 trend‐free	 pre‐whitening	 (TFPW)	 procedure	 to	










	 	 	 	 	 	 	 	 	 	 															(3.19)	
Apply	 the	 MK	 test	 to	 the	 new	 series	 above,	 where	 b,	 the	 slope	 of	 the	 trend	 is	
estimated	using	the	TSA	(Theil,	1950a–c;	Sen,	1968),	is	an	estimate	of	the	magnitude	
trend:		
∀ 	 	 	 	 	 	 	 	 	(3.20)	
	
3.5. Calculate	land	area	change	through	time	
The	 National	 Geophysical	 Data	 Center	 (NGDC)	 has	 plotted	 the	 distribution	 of	
elevations	 and	 cumulative	 elevations	 of	 the	 Earth’s	 surface	 with	 its	 Ice	 Surface	
global	 relief	 model.	 A	 hypsographic	 curve	 describes	 an	 area	 as	 a	 function	 of	





This	 histogram	was	 determined	using	 the	 equation	 below	 to	 calculate	 the	 area	 of	
each	cell,	










calculating	 ice	 surface	 area.	 The	 WGS	 84	 datum	 surface	 is	 an	 oblate	 spheroid	







	 |2 1 	 2 	 2 1 	 1 	 |	
		2 | 	 1 	 2 		|																									(3.22)	
The	area	of	a	lat‐long	rectangle	is	proportional	to	the	difference	in	the	longitudes.	So	
the	area	change	is:	










180 																							 	 	 	 	 	 	 	(3.23)	





















































Based	 on	 the	 smoothing	 principle,	 there	 is	 no	 such	 function	 generated	 for	 curve	








	 Fourier	 Sum	of	Sine	 Smooth	Spline	
SSE	 1.6554e+05	 1.6314e+05	 2.1885e+05	
Rsqaure	 0.9152	 0.9163	 0.8879	
Dfe	 1226	 1220	 1.2254e+03	
Adjrsquare	 0.9141	 0.9147	 0.8863	
RMSE	 11.6201	 11.5733	 13.3640	



























All	 three	 Matlab	 interpolation	 methods	 have	 similar	 and	 good	 predicted	 results.	
However	they	all	eliminate	some	outlier	sea	level	values.	Based	on	the	data	points	










it	 is	 randomly	 distributed,	 so	 I	 use	 linear	 regression	 to	 detect	 if	 a	 certain	 trend	
exists.	However,	 some	datasets	may	not	be	suitable	 for	 linear	regression.	Hence,	a	






































R‐Square	 .642	 .826	 .979 .536 .585 1.000 .658	 .579
Coefficien
t				
17.670	 16.722	 ‐20.342 6.970 10.617 ‐83.658 ‐13.804	 6.534
ANOVA	F	 312.245	 279.624	 413.777 48.587 112.712 6998.63
4	
190.557	 42.692
Sig.	 0.000	 0.000	 0.000 0.000 0.000 0.008 0.000	 0.000
	














value,	 the	 t	 value,	 the	 z‐value,	 and	 the	 p	 value	 are	 shown	 as	 Table	 4.2.2.1.	 For	
Bermuda	 and	Grand	Cayman,	 the	p	 value	 is	 equal	 to	0.5	which	means	 there	 is	 no	
trend	 exists.	 The	P	 value	 is	 >	0.5,	 indicating	 there	 is	 a	positive	 trend	 exists;	 the	P	
value	is	<0.5,	indicating	there	is	a	negative	trend.	The	sea	level	change	data	in	other	
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10	 sample	 sites	 has	 a	 negative	 trend	 that	 means	 the	 sea	 level	 had	 a	 monotonic	
downward	trend	over	each	time	span.	
Table	4.2.2.1	Modified	Mann‐Kendall	Trend	Test	Results	
	 VarS	 t	 z	 p	
Red	Sea	 34399950	 ‐0.00023	 ‐0.00904	 0.4964	
Barbados	 610866	 0.010974	 0.216229	 0.4144	
California	 8.6666	 0.022951	 0.261362	 0.3969	
Cayucos	 165	 ‐0.18182	 ‐0.7785	 0.2181	
Huon	 62361	 0.021379	 0.284316	 0.3881	
Oahu	 8514	 ‐0.01278	 ‐0.11921	 0.4526	
Oregon	 3.66667	 ‐0.6667	 ‐1.04445	 0.1481	
Tahiti	 116150	 ‐0.0198	 ‐0.2934	 0.3846	
West	 4165	 0.0038	 0.031	 0.4876	

















Sea	 shrank;	 the	 far	northern	part	 of	Russia	 (most	 of	 this	 area	was	 covered	by	 ice	
sheets	 and	 unsuitable	 for	 habitation);	 south	 and	 east	 part	 of	 Asia	 especially	
Malaysia,	Philippines	and	 Indonesian	 islands	were	 connected	 to	 the	mainland;	 the	
Persian	Gulf	disappeared	and	the	northern	part	of	the	Red	Sea	as	well;	Australia	was	
connected	with	Papua	New	Guinea	and	Indonesia	when	the	sea	level	was	only	about	






Inland	 seas	would	 not	 have	 fluctuated	with	world	 ocean	 levels,	 the	 only	 one	 that	
would	 have	 changed	 in	 sync	 with	 the	 world	 ocean	 is	 the	 Black	 Sea,	 which	 is	
connected	when	world	ocean	levels	are	high	and	inland	when	world	ocean	levels	are	
low.	My	focus	is	on	the	world	ocean	so	I	kept	the	levels	of	 inland	seas	constant	by	
adjusting	 inland	 water	 bodies’	 surface	 change	 without	 eustatic	 rise	 and	 fall.	 The	
GSHHS	 lake	 contours	 and	 ETOPO1	 data	 readily	 identify	 large	 inland	 water	 areas	
such	 as	 the	Caspian	 Sea,	 Great	 Lakes,	 and	Lake	Eyre	Basin,	which	 is	 inland	water	
body	 or	 have	 part	 inside	 a	 basin	 which	 is	 lower	 than	 current	 sea	 level.	 When	
calculating	 land	 area	 change	 through	 time,	 I	 decided	 not	 to	 count	 the	 area	 of	 all	
inland	water	bodies	except	the	Black	Sea	from	total	land	area	change.	When	there	is	
a	slope	exists	in	water	body,	the	true	surface	area	of	a	landscape	is	greater	than	its	
projected	 surface	 area.	 For	 every	 meter	 change	 in	 elevation,	 I	 calculate	 the	 area	
between	each	set	of	contour	lines	that	are	1‐meter	apart	with	different	latitude	and	











The	 Great	 Lakes	 are	 a	 series	 of	 interconnected	 freshwater	 lakes	 located	 in	
northeastern	North	America,	on	the	Canada‐United	States	border.	Due	to	their	sea‐
like	 characteristics:	 rolling	waves,	 sustained	winds,	 strong	 currents,	 great	 depths,	
and	distant	horizons,	the	five	Great	Lakes	have	also	long	been	referred	to	as	inland	



























There	 are	more	 than	 6000	 inland	 lakes	 and	 seas	 around	 the	 world;	 I	 remove	 all	
























































































































This	 study	 focuses	 on	 how	 the	 global	 sea	 level	 changed	 and	 how	 it	 affected	
terrestrial	 and	 submerged	 land	 (aquaterra)	 distributions.	 The	 predicted	 late	
Pleistocene	 and	 Holocene	 sea	 level	 change	 derived	 from	 12	 in	situ	 data	 supports	
other	 sea	 level	 change	 findings	 (ref.)	 and	 has	 similar	 trend	 such	 as	 reached	 the	







data.	 From	 the	 curve,	 clearly	 recent	 data	 are	 more	 concentrated	 due	 to	 higher	


















In	 order	 to	 get	 the	 terrestrial	 land	 change	 caused	 by	 global	 sea	 level	 change,	 I	




I	 can	 say	 the	 	 land	 is	 predominantly	 distributed	 in	 the	Northern	 hemisphere	 and	
Eastern	hemisphere.	The	land	between	66.5°	N	and	23.5°	N	(north	temperate	zone)	
and	 23.5°	 S	 to	 23.5°	 N	 (tropical	 zone)	 experienced	 relatively	 greater	 area	 change	
when	sea	level	was	lower.		
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When	using	 latitude	zones	 to	calculate	 the	 land	distribution,	 the	 land	between	the	
equator	and	66.5°	N	takes	up	more	than	58.58%	of	the	total	land	area.	While	using	
longitude	 lines	 to	 analyze	 the	 distribution	 change,	 the	 land	 area	 is	 predominantly	
distributed	 in	 the	 Eastern	 Hemisphere	 at	 64.48%	 relative	 to	 the	 Western	
Hemisphere	at	35.52%	in	total	global	land.	The	higher	percentages	mean	more	land	
is	 available	 for	 human	 development	 and	 for	 migration	 among	 islands	 and	











Occupy	percentage	 36.77%	 19.88%	 15.93%	 9.03%	
Change	percentage	 12.61%	 16.72%	 14.41%	 10.21%	
	
The	 total	 land	 area	 for	 aquaterra	 is	 about	 21,867,064.38	 ,	 which	 is	 slightly	
different	 from	 the	 24,464,906	 	Dobson’s	 calculation	 (Dobson,	 2014).	 This	 is	
because	my	 sea	 level	 is	 from	 ‐139	m	 to	 +3	m	 from	 fitting	 curve,	 compared	 to	 his	
which	as	‐125	m	to	+5	m.	It	takes	up	to	12.5%	of	the	global	land	area	at	its	lowest	
sea	level.	





















elevation	 close	 to	 coastlines.	 There	 is	 a	 crucial	 need	 for	 better	 understanding	 of	





was	 3	meters	 higher	 than	 current	 sea	 level	 at	 120,000	 years	 ago.	 Based	 on	 high	
resolution	 digital	 elevation	 model	 data	 and	 my	 estimated	 sea	 level	 data,	 my	





Short‐term	sea	 level	change	has	monotonic	 trend	such	as	sea	 level	at	Cayucos	and	
Oregon	 is	 rising	during	125	 to	109ka	and	82	 to	78ka.	Clearly,	 the	global	 sea	 level	
change	is	periodic	and	can	be	linked	with	climate	change.	
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Most	 of	 the	 Earth’s	 land	 is	 distributed	 in	 the	 Northern	 hemisphere	 and	 Eastern	
hemispheres	after	adjusting	the	inland	water	bodies’	areas	(figure	4.4.2.2	and	figure	
4.4.2.4).	Aquaterra	is	not	normally	distributed	around	the	world	and	more	land	was	
exposed	 in	 Northern	 hemisphere	 than	 Southern	 hemisphere	 when	 sea	 level	 was	
lower.	 With	 the	 new	 detailed	 maps,	 given	 an	 archaeological	 site,	 one	 can	 tell	
approximately	 if	 it	was	 exposed	 at	 a	 certain	 time.	 Thus,	 underwater	 ruins	 can	 be	
tested	for	depth	and	time	according	to	the	aquaterra	change	map.	
Further	research	such	as	add	detailed	paleo	climatic	data	or	simulation	models	with	
the	global	 topo	map,	or	 focus	on	smaller	area’s	sea	 level	change	(relative	sea	 level	
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8. Appendix	
Global	sea	level	change.avi	
https://www.youtube.com/watch?v=hmYZ3SlXjTk&feature=youtu.be	
	
